Typically drivers of container-bridge cranes are forced to sit with a forward bent upper trunk to control the position and motion of the container. Fork-lift truck drivers incline the upper trunk to the side to look forward or they twist to one side during reversing. Assuming that these inclined postures result in a higher health risk than vibration exposure in the upright sitting posture the forces transmitted in the lumbar spine were assessed by means of a biomechanical model. Under realistic vibration stress the bent postures result in an increase of the compressive and the shear forces. By the enhanced shear forces a displacement of the upper motion segments is prevented. The quantitative relationship between the mean values of the forces and the chest inclination can be sufficiently approximated by regression functions. The increase of the spine forces is the result of the increased muscle forces stabilizing the inclined trunk. On container bridge cranes or fork-lift trucks the typical postures of the drivers result in enhanced spinal forces compared with the upright sitting posture. This effect must be considered in the risk analysis of workplaces with whole-body vibration.
INTRODUCTION
Mechanical vibration can affect the human being in different ways at a wide variety of workplaces. Vibrations which are predominantly transmitted via the buttocks and the back of the seated person as well as via the feet and the hands are referred to as whole-body vibrations. Typically drivers of self-propelled machines such as earthmoving machinery, fork-lift trucks, or container-bridge cranes are exposed to whole-body vibrations. Dependent on the intensity and the duration of the exposure whole-body vibration can negatively affect human health.
In order to minimize the health risk of vibration exposed employees the European Parliament and the Council (2002) issued the Vibration Directive (Directive 2002/44/EC). In Germany the requirements of the Directive were realized by the Lärm-und Vibrations-Arbeitsschutzverordnung (LärmVibrationsArbSchV 2007) . For risk prevention the German Directive sets two thresholds concerning the vibration intensity, namely the daily exposure action value A(8) = 0.5 m/s 2 , above which it requires employers to take to control the whole-body vibration risks of their workforce, and the daily exposure limit value A(8) x,y = 1.15 m/s 2 and A(8) z = 0.8 m/s 2 respectively, above which employees should not be exposed.
The exposure action value and the limit value are based on the measurement of the frequency weighted acceleration. The Standard ISO 2631-1 (1997) was issued in order to describe a uniform concept for the assessment of the effects of wholebody vibration on persons. The methods for assessment were developed for persons exposed in standing, sitting or recumbent positions. Concerning the sitting position it is assumed that the person sits with an upright trunk. However, such a body posture cannot be assumed at each workplace. For example, during typical work processes the drivers of container-bridge cranes are forced to sit with a forward bent upper trunk in order to control the lifting and the motion of the container or the correct position of the container at the load-grappling device, the so-called spreader. The drivers of fork-lift trucks incline the upper trunk to the side in order to look forward beside the lifting mast or they twist to one side during reversing. In these body postures the longitudinal axis of the trunk does not correspond with the vertical vibration direction of the basicentric coordinate system.
Concerning the effects of whole-body vibrations as well as the magnitude and the duration of the vibration stress, the body posture of the driver is discussed as a possible factor influencing health impairments. To date a quantitative dose-effect relationship between the vibration stress, the corresponding body posture and the diseases of the lumbar spine is not available. However, the current state of knowledge indicates that a bent forward or a lateral inclined posture probably increases adverse health effects of whole-body vibrations (Bovenzi und Betta 1994 , Burdorf et al. 1993 , Hoy et al. 2005 , Sandover et al. 1994 .
In order to assess characteristic stress values based not only on the vibration stress but also on the body posture and thus regarding the obviously increased health risk Schäfer et al. (2006) proposed a method by transforming the vibration total value (or vector sum, ISO 2631-1, 1997) into a vibration total value with respect to body posture. This modified total value was given by multiplying of the vibration total value with a correction factor taking into account the different inclinations of the trunk. An adjustment of the correction factor to the assumed health risk could not be achieved by the measurements carried out by Schäfer et al. (2006) . For this the health impairments of drivers sitting mainly with inclined trunk must be assessed in epidemiological studies and compared with the modified vibration total value computed for the special working conditions of these drivers.
By means of the biomechanical model developed by Fritz (2000) the forces transmitted in the spine can be assessed under vibration stress of the standing or sitting operator. In the model the inclination of the trunk can be varied to simulate a sitting driver with a bent forward, a lateral inclined or a twisted trunk. It is commonly assumed that concomitantly with the stress induced increase of the spine forces the health risk increases (ISO 2631 -5: 2004 , Hinz et al. 2007 , Seidel et al. 2008 ). Furthermore it must be regarded that under whole-body vibration the strength of the motion segments of the spine decreases with increasing frequency of the stress oscillation as it is known by technical materials (e.g. Brinckmann et al. 1987 and 1988) .
The aim of the present study is to assess the influence of the trunk inclination on the static part of the compressive and shear forces as well as on the oscillating part of these spine forces by means of the biomechanical model of Fritz (2000) . The relationship between the forces and the different trunk inclinations should be described by simple regression functions. The coefficients of these functions should be compared with the body posture related correction factor suggested by Schäfer at al. (2006) . Thus on the basis of the simulated forces a first adjustment of the correction factors will be possible.
METHOD 2.1 Biomechanical Model
At the IfADo Fritz (2000) developed a biomechanical model to assess the forces transmitted in the joints of the human body during vibration stress. The model consists of 29 rigid bodies connected by ideal joints enabling not only rotational but also small translational motions (Fig. 1) . As indicated by the dashed lines in Fig. 1 three bodies imitate the lumbar spine and the surrounding tissues and four bodies imitate the neck. According to the limited torsion range in the lumbar motion
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segments the mobility in the corresponding joints is restricted to translations in the x-, y-, and z-direction and rotations around the two horizontal axis. The relationship between the forces and torques respectively and the motions in the spine segments is given by stiffness matrices as already described by Panjabi et al. (1976) . From this it results that with the increase of the vibration induced motions of the trunk the forces and torques in the spine increase too. The abdominal viscera are represented by three rigid bodies which can shift against the contiguous bodies of the lumbar spine ( Fig. 1 ). The movements of the bodies are restricted by force elements tensioned to the pelvis, the lumbar spine, the thorax and between the three bodies. Each leg is represented by four rigid bodies. The fourth body supports the force element which simulates the function of the quadriceps femoris. Finally each arm is represented by three rigid bodies. The function of the trunk and neck muscles is imitated by 58 force elements, namely 28 elements in the abdominal and lumbar region and 30 elements in the neck-shoulder region. The muscles of each leg are represented by 24 force elements (the force elements are not presented in Fig. 1 ). To act on the well established assumption that the vibration induced trunk motions can be influenced by the muscles only at low frequencies the force elements are built as simple passive elements. In order to maintain the initial body posture the force elements exert constant forces. Under vibration induced stretching the elements exert additional forces which are apposed to the strain. This means, that the force elements can reduce but the elements cannot prevent the motions of the trunk.
By springs and dampers the vibrations of the ground and the devices are transmitted to the feet and the hands and the vibrations of the seat are transmitted to the buttocks. The spring and the damper between the seat and the pelvis simulate the fatty tissue of the buttocks and thus enable a distinct reduction of the vibrations transmission to the trunk. Fritz (2000) derived the anatomical, physiological, and mechanical data of the model elements as far as possible from Dempster (1955) , Schumacher and Wolff (1966) , Seireg and Arvikar (1989) , Luo and Goldsmith (1991) , and Buck (1997) and adapted them to a human body having a height of 1.74 m and a body mass of 75 kg. By variation of the stiffness of the springs simulating the fatty tissues the z y
x z y
x vibration properties of the model were fitted to the apparent mass and the seat-tohead transmissibility given in ISO 5982 (2001) and by Paddan and Griffin (1998) .
Compared with the biomechanical model described by Fritz (2000 Fritz ( , 2005 or Fritz and Schäfer (2010) the present model was modified at the following points:
-Due to the posture dependent rotations of the motion segments the algorithm for the transformation of the stiffness matrices between the deformation and the forces and torques respectively was adapted to the relatively great angles especially in the bent forward postures. -By an improvement of the initial values of the rotation of the motion segments the different body postures could be imitated more realistically and the muscle forces fixing the posture were reduced. Due to the lack of adequate data an improvement in the model concerning the vibration properties of the human body in the inclined and twisted postures was not possible.
Vibration Stress
In the present study the model imitates a driver in the sitting body posture and the vibration was transmitted likewise to the buttocks, the feet, and the hands. The time courses of the vibration accelerations were measured by the BGHW in three directions (basicentric coordinate system) between the seat and the buttocks under realistic working conditions:
-The measurement on the container-bridge crane was carried out for 75 min during normal work processes. From the measured time courses three typical exposure periods of 4 1 ⁄ 2 min were depicted for the simulation of the spine forces. Hereby periods with voluntary movements of the driver were excluded from the analysis.
-Likewise the seat accelerations of the fork-lift truck were measured during typical work processes. The measurement lasted 43 min. From this five typical exposure periods of nearly 4 1 ⁄ 2 min were evaluated.
Body Postures
The simulations were started with the upright sitting posture ( Fig. 1 ) and the accelerations during the eight exposure periods on the container-bridge crane and the fork-lift truck. The bent forward postures of the driver on the container-bridge crane (Fig. 2) were attained by inclining the segments of the model trunk gradually forward. Hereby the maximal inclination of the chest (corresponding to the line between the thoracic vertebrae T2 and T12) amounted to 57°and the corresponding inclination of the head was 65°. Additionally the arms of the model were rotated outwards so that the hands can hold the devices beside the knees of the lightly straddled legs. On the fork-lift truck the body posture of the driver while looking forward beside the lifting mast ( Fig. 3 , left side) was imitated by inclining the trunk from the upright position to the right side. The maximal lateral inclination of the chest was 20°and the head shifted approximately 0.24 m to the right side. Hereby the hands continued to hold the steering wheel. For the twisted body posture during reversing the trunk was rotated in the upright position to the left side ( Fig. 3 , right side). By the rotation the left shoulder was shifted 0.10 m backward in relation to the right shoulder and the left hand was held beside the left hip whereas the right hand held the steering wheel. In order to analyse the influence of the body postures on the spine forces the simulations were also carried out with minor angles of the trunk forward or lateral inclination.
Evaluation
From the spine forces which can be simulated by means of the biomechanical model the evaluation was conducted with the compressive forces and the shear forces in dorsoventral and the right-to-left direction respectively acting in the upper motion segment built by the vertebrae L3-L4 and the lower segment built by the vertebrae L5-S1. The lines of action of these forces run vertical (compressive forces) or parallel (shear forces) to the end plates of the corresponding vertebrae. With the compressive and the shear forces the resultant forces in the motion segments were computed. With the seat accelerations as the input signal of the model the time courses of the lumbar spine forces were simulated during the eight typical exposure periods and in different body postures. In order to enable a clear and simple comparison between the forces in the upright sitting posture and the inclined and twisted postures respectively from the time courses of the spine forces the temporal mean values and the spans (differences) between the maximal and minimal peak values of the forces were computed. In a last step the relationships between these characteristic values of the spine forces and the trunk inclinations were approximated by regression functions.
RESULTS
The results are presented in the next three sections for the bent forward posture, the sideward inclined posture and the twisted trunk posture respectively.
Bent forward Posture
The root-mean-square (rms) of the frequency-weighted accelerations measured during the three selected exposure periods on the container-bridge crane are listed in Table I . The horizontal vibrations were more intensive than the vibrations in the vertical z-direction. The greatest rms-value amounted to a wx = 0.44 m/s 2 in the horizontal x-direction. Additionally to the rms-values in the three directions the corresponding vibration total values with the correction factors k x,y,z = 1 are listed in Table I .
Table 1
Root-mean-square of the frequency-weighted acceleration and the vector sum (k x, y, z = 1) during three typical exposure periods on the container-bridge crane
In the three exposure periods the spine forces were simulated for the upright sitting posture and for the bent forward postures with chest inclinations of 18°, 38°, and 57°. The relationships between the spine forces in the four sitting postures are shown in Fig. 4 . The forces in the bent forward postures are plotted along the vertical axes of the diagrams and the forces in the upright posture are plotted along the horizontal axes. The diagonals in the diagrams indicate ratios of 1 to 1 between the force values. This means that circles on the diagonals indicate equal force values in the upright and bent forward posture. In Fig. 4 (left upper diagram) all circles of the temporal mean force values lie above the diagonal which means that the compressive forces in the bent forward postures are greater than the forces in the upright position. The maximal ratio amounts to 1 to 2.1. The ratios of the corresponding peak force spans are lower than 1 to 1 and decrease with increasing trunk inclination (Fig. 4, right upper diagram) .
Figure 4.
Comparison between the temporal mean values and the spans during the upright sitting position and sitting with a forward inclination of the trunk above: compressive forces in the motion segments L5-S1 (᭹) und L3-L4 (᭺) below: shear-forces in the dorsoventral direction in the motion segments L5-S1 (᭹) und L3-L4 (᭺)
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The temporal mean values of the dorsoventral shear forces point in the same direction in the bent forward postures whereas in the upright posture the signs of the forces differ ( Fig. 4, left lower diagram) . In the bent forward postures shear forces mean that the upper vertebra of a motion segment cannot glide off the lower vertebra. The corresponding peak force spans are smaller in the bent forward post than in the upright posture ( Fig. 4, right lower diagram) The quantitative relationship between the load of the motion segments and the inclination angle of the chest was assessed on the basis of the resultant force in the segments. In Fig. 5 (upper diagram) for the four simulated body postures and the motion segments L5-S1 and L3-L4 the temporal mean values of the resultant forces are plotted in relation to the inclination angle. Although for each chest inclination six resultant forces (2 motion segments, 3 exposure periods) were computed the difference between the forces can be so small that the corresponding circles merge. The relationship between the forces and the inclination angels can be sufficiently approximated by linear regression functions. With increasing angle the temporal mean values increase which results in positive regression coefficients as shown in Fig. 5 . The correlation coefficients are 0.84 for the lower motion segment and to 0.94 for the upper segment.
As in Fritz and Schäfer (2010) the relationships between the spans of the peak resultant forces and the inclination angle were approximated by square regression functions (Fig 5, lower diagram) . However, as a result of the improved simulation of forces especially in the maximal inclined posture the square terms of the regression functions are nearly zero. The corresponding correlation coefficients are 0.85 and 0.72 respectively.
Figure 5.
Relationship between the resultant forces in the motion segments L5-S1 (᭹) and L3-L4 (᭺) and the forward inclination of the chest above: the temporal mean values of the resultant forces below: spans of the resultant forces
Bent sideways Posture
In Table II the rms-values of the frequency-weighted accelerations measured during the five selected exposure periods on the fork-lift truck are listed. On this truck the horizontal vibrations were not so intensive as the vibrations in the vertical z-direction. The horizontal vibrations were also lower than the corresponding vibrations on the container-bridge crane.
Table II
Root-mean-square of the frequency-weighted acceleration and the vector sum (k x, y, z = 1) during five typical exposure periods on the fork-lift truck
The sideways bending of the trunk results in temporal mean values of the compressive forces which are greater than the corresponding forces in the upright sitting postures (Fig. 6, left upper diagram) . The maximal ratio amounts to 1 to 1.2. A non-uniform tendency is given by the ratios of the peak force spans (Fig. 6 , right upper diagram). They vary between 0.9 and 1.2. Furthermore, the inclination results in shear forces in the lateral direction which point in the opposite direction to the shear forces in the upright sitting posture (Fig. 6, left lower diagram) . The influence of the inclination is distinctly greater in the lower motion segment than in the upper segment. The adjustment of the shear forces reduces the gliding of the vertebrae. The ratios of the corresponding peak force spans show a non-uniform tendency (Fig. 6, right lower diagram) .
igure 6. Comparison between the temporal mean values and the spans during the upright sitting position and sitting with a lateral inclination of the trunk above: compressive forces in the motion segments L5-S1 (᭹) and L3-L4 (᭺) below: shear-forces in the lateral direction in the motion segments L5-S1 (᭹) and L3-L4 (᭺)
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The quantitative relationship between the resultant forces transmitted in both the considered motion segments and the lateral inclination angle of the chest is shown in Fig. 7 . In the upper diagram the temporal mean values of the resultant forces increase with the angle which results in positive regression coefficients. The correlation coefficient amounts for the lower motion segment to 0.97 and for the upper segment to 0.96 respectively. In contrast to this the relationship between the spans of the peak resultant forces and the inclination angles cannot be sufficiently fitted by linear regression functions (Fig. 7, lower diagram) . This results from the relatively small influence of the inclination angle and the vibration induced great variation of the spans in each posture.
Figure 7.
Relationship between the resultant forces in the motion segments L5-S1 (᭹) and L3-L4 (᭺) and the sideways inclination of the chest above: the temporal mean values of the resultant forces below: spans of the resultant forces
Twisted Body Posture
As an example of the body posture during reversing of the fork-lift truck the trunk was rotated to the left side and the left hand was held beside the pelvis. Due to the lack of rotation in the lumbar motion segment the rotation of the chest to the left side is small. However, by this rotation the left shoulder is shifted 0.10 m backward in relation to the right shoulder. In this twisted posture the longitudinal axis of the trunk has nearly the same direction as in the upright sitting posture.
In the twisted posture the temporal mean values of the compressive forces and the shear forces slightly differ from the corresponding spine forces simulated for the upright sitting posture. The rotation of the trunk shows a greater effect on the peak force spans. The spans are smaller, equal, or greater than the corresponding values in the upright posture. This variations are especially shown by the lateral shear forces.
DISCUSSION
The properties of the biomechanical model were described in detail by Fritz (2000 Fritz ( , 2005 for the standing and sitting posture. The model was fitted to the properties of the vibration exposed humans as described in the literature or the standards in the form of the apparent mass or the seat-to-head transmissibility (ISO 5982, 2001) . These vibration properties were measured in the standing and the upright sitting posture. Measurements in the highly bent forward or the lateral inclined sitting posture are not known to the authors of the present study. Even during the different investigations of the Bundesanstalt für Arbeitsschutz und Arbeitsmedizin (BAuA, Berlin) the apparent mass, the impedance or the transmissibility were measured for symmetrical body postures and bent forward postures with inclination angles of the chest and the head amounting to maxima of 10.0°and 35.5°respectively (Hinz et al. 2007 ).
In the paper of Fritz and Schäfer (2010) it is stated that in the extremely bent forward posture the spine forces could be sufficiently simulated during only one of the three exposure period. For the present study the biomechanical model was improved as described above. Hereby sufficient results were attained for each bent forward posture and each exposure periods. The modification of the input data leads to smaller muscle forces especially in the lateral inclined postures. During the simulations of Fritz and Schäfer (2010) these postures were only attained with high muscle forces moving the trunk in the selected posture.
Because measured values of the vibration properties in the extreme body postures are widely omitted the lumbar spine forces simulated with the biomechanical model may not represent the real magnitude of these forces. The absolute force values are only valid for an average driver with a body height of 1.74 m and a total body mass of 75 kg as selected for the simulations. Furthermore, it was assumed for the simulation that the driver did not change his body posture during the whole exposure period. However, contrary to this it must be assumed that the drivers change their body posture in order to have a better view on the objects which have to be lifted or moved or to reduce the effects of shocks given by the uneven carriageroad. It follows from these restrictions that the simulation results can only be used to compare the spine forces in the upright sitting posture with the forces in the bent forward or the sideways inclined postures and thus to assess the influence of body posture.
The Figures 4 to 7 show that the temporal mean values of the compressive and the shear forces as well as the mean values of the resultant forces are greater in the inclined postures than in the upright sitting posture. This means that on average the stress of the lumbar motion segments attained a higher level in the inclined postures compared with upright sitting. The spans between the peak force values can be smaller (see forward bent posture), equal, or greater than the corresponding spans in the upright sitting posture. The obvious differences in the motion segment stress indicate that the vibration properties of the human body and with it the corresponding frequency related transfer functions between the seat accelerations and the spine forces are changed by the trunk inclination. The great variance of the peak force spans given in each posture can be explained by the differences in the magnitude distribution of the different seat acceleration spectra and the differences in the posture dependent transfer functions.
The upright posture with the trunk rotated to the left side results only in small alterations of the spine forces. The reason for this tendency can be that in this posture the longitudinal axis of the trunk has nearly the same direction as in the upright sitting posture. Distinct differences may exist in the force distribution over the cross sectional area of the vertebral discs and the small joints between the vertebrae. This results in deformations of the motion segments during the vertical rotation. To simulate these deformations a model with much more detail of the spine than the model in the present study must be developed.
Since the vibration induced forces in the motion segments are a significant cause for the development of degenerative disease in the lumbar spine the simulation results show that the body postures must be taken into account if the health risk should be assessed. In the Vibration Directive (Directive 2002/44/EC) it is required that concerning whole-body vibration the daily exposure A(8), expressed as an equivalent continuous acceleration over an eight-hour period, has to be calculated in order to assess the level of exposure to vibration and the possible health risk. In the German guideline VDI 2057, Blatt 1 (2002) it is noted that concerning health the level of exposure can also be assessed by the total vibration value a wv based on the frequency-weighted and corrected accelerations in the three vibration directions. In the European directive as well as in the German guideline an upright sitting posture of the driver is assumed. Schäfer et al. (2006) measured the seat accelerations and simultaneously the trunk inclination of the drivers on different self-propelled machines during typical work processes. Based on the experience that the drivers sit seldom in an upright posture Schäfer et al. (2006) developed a simple method to calculated a modified characteristic vibration value by means of the vibration total value and the measured trunk inclination. They multiply the vibration total value with a correction factor which depends on the forward and lateral trunk inclination. The so-called vibration total value with respect to posture results from a h,w,v = h × a wv with h = 1 + (cl × a + c2 × b) c1: constant for bending forward a: angle of the forward trunk inclination c2: constant for bending laterally b:
angle of the lateral trunk inclination
In order to compare quantitatively the coefficients of the regression functions plotted in Fig. 5 and 7 with the constants of Schäfer et al. (2006) it is obvious to divide the regression coefficients by the constant parts of the functions. Then in the bend forward posture the two normalized regression functions of the resultant spine forces F L5-S1 and F L3-L4 are F L5-S1 = 1 + 0.0099 × a and F L3-L4 = 1 + 0.0158 × a
The normalized regression coefficient of the function for the lower motion segment L5-S1 nearly corresponds to the proposed constant c1 of Schäfer et al. (2006) for the forward trunk inclination. This constant amounts to c1 = 1/90 = 0.0111
The normalized regression functions for the bent sideward posture are F L5-S1 = 1 + 0.0095 × b and F L3-L4 = 1 + 0.0101 × b
In both functions the regression coefficient corresponds to the upper value of the constant c2 suggested by Schäfer at al. (2006) for the sideways bending, namely c2 = 1/90 = 0.0111 This means that the increased force level resulting from the forward or sideways bending of the trunk can be sufficiently represented by the vibration total value with respect to posture. Contrary to this the modified vibration total value cannot imitate the variation of the spans of the peak spinal forces in the bent sideways and also in the bent forward posture. By the trunk inclination the vibration properties of the model and the driver respectively are influenced and this means that the frequency related transfer of the seat accelerations to the spine and with it the spine forces are changed. In order to consider these variations the vibration total value must be separately computed for each body posture. Thus in the Standards and Guidelines weighting functions must be given not only for the standing and sitting posture or recumbent person but also for postures with forward or lateral inclination of the trunk.
Commonly it is assumed that the vibration induced health risk concerning the degeneration of the lumbar motion segments increases with the forces transmitted in the spine. As shown by the simulations the forces increase with the trunk inclination and thus the modified vibration total value seems to indicate this risk. The real relationship between the stress given by the whole-body vibration an the body posture and the resulting health risk can probably be assessed only by epidemiological studies. Furthermore, in the present study the relationship between the trunk inclination and the low back muscle forces was not analysed in detail. However, it must be assumed that the bent postures also result in higher muscle forces than the upright sitting posture. Especially in the sideways bent posture the muscle forces increase asymmetrically to the spine. Thus the inclined postures result in high muscle strain and after long-time vibration stress this can lead to pain in the low back region. By the pain the driver may not adequately react to the vibrations which again enhances the spine forces further.
CONCLUSION
Assessing the vibration induced health risk it cannot be assumed that the driver can sit in a more or less upright sitting position to perform his work task. If the risk has to be assessed on the basis of ISO 2631-1 (1997) the influence of the trunk inclination and with this the greater spine forces can be considered by multiplying the vibration total value with correction factors. However, it is not considered by this method that the trunk inclination also influences the frequency related transfer of the seat accelerations to the spine and the static and dynamic part of the forces acting in the spine.
